Goose erythrocytes were agglutinated by five strains of rabies virus grown in monolayer cell cultures at pH 6.4 and at 0 to 4 C. Hemagglutination was not affected by the cell type in which the virus was grown. Prerequisites for occurrence of hemagglutination are absence of hemagglutination inhibitors (such as those con- Until recently, only three methods for the assay of rabies virus were available: titration of infectivity in animals, plaque assay in cell cultures (36), and complement fixation (CF). The latter method (24) measures both infectious virus and all noninfectious viral antigens. In 1968, Halonen et al. (12) reported that rabies virus exhibits hemagglutinating activity (HA). This paper deals with the characterization and mechanism of this phenomenon.
Goose erythrocytes were agglutinated by five strains of rabies virus grown in monolayer cell cultures at pH 6.4 and at 0 to 4 C. Hemagglutination was not affected by the cell type in which the virus was grown. Prerequisites for occurrence of hemagglutination are absence of hemagglutination inhibitors (such as those contained in bovine serum) and a relatively high virus concentration (> 105 plaqueforming units of virus per ml). "Soluble" hemagglutinin was not present in crude preparations of extracellular virus. Treatment of purified preparations of extracellular virus with Tween 80 and ether did not result in release of a "soluble" hemagglutinin. The Until recently, only three methods for the assay of rabies virus were available: titration of infectivity in animals, plaque assay in cell cultures (36) , and complement fixation (CF). The latter method (24) measures both infectious virus and all noninfectious viral antigens. In 1968, Halonen et al. (12) reported that rabies virus exhibits hemagglutinating activity (HA). This paper deals with the characterization and mechanism of this phenomenon.
MATERIALS AND METHODS
Virus strainis. The Pitman-Moore (PM), Pasteur, and Flury high egg passage (HEP) strains of rabies virus adapted to growth in human diploid cell strain WI-38 (42) were clone-purified three times in agarosesuspended BHK/13S cells (36) . The CVS-11 strain of rabies virus propagated in primary hamster kidney cell cultures (22; obtained through the courtesy of P. E. Halonen, National Communicable Disease Center, Atlanta, Ga.) was also purified by cloning three times in BHK/13S cells. The ERA strain of rabies virus (1) was isolated from the attenuated rabies vaccine lot serial no. 128-2 (Connaught Laboratories, Toronto, Canada) and was propagated for two passages in BHK-21 cell cultures. Seed pools of these virus strains were prepared in BHK-21 cultures.
Parainfluenza virus 1 (Sendai) used in the present study was serially propagated in embryonated eggs. The infectious allantoic fluid contained 109-7 EID50 and 3,200 hemagglutinating units (HAU) per ml.
Tissue cultures. The human diploid cell strain WI-38 (15) and two hamster cell lines, BHK-21 clone 13 (29) and Nil-2 cells (4), were propagated in 1-liter Blake bottles as described by Kaplan et al. (21) .
Infection of cells and animals. Cell cultures were infected as described previously (39) and incubated at 33 C for 72 hr in the presence of Eagle's basal medium (BME) supplemented with bovine serum albumin (12, 13 Hemagglutination. For hemagglutination, adult goose erythrocytes (GE) were used (12) . Blood was preserved in equal parts of Alsever's solution and was stored at 4 C. For each experiment, the cells were washed four times with PBS and taken up as a 0.25% suspension in phosphate buffer (pH 6.4).
The microtechnique described by Sever (37) was used. All solutions were kept in an ice-water bath.
Serial twofold dilutions of the virus suspension (0.05 ml) in BAB buffer were made in plastic plates. The virus dilutions were kept at 0 to 4 C for 30 min. Equal volumes of GE suspension were then added to each well. The end point of the titration was read after incubation at 0 C for an additional 45 min. The reciprocal of the highest virus dilution showing partial HA was taken as the titer (HAU/0.05 ml). The PFU to HAU ratio was expressed as the number of PFU per milliliter over the number of HAU/0.05 ml. In this way, the value of this ratio was comparable to those given for other hemagglutinating viruses.
Purification procedures. Extracellular virus (ECV) grown in tissue culture was purified as described by Sokol et al. (39) .
Virus grown in the brains of laboratory animals was purified as follows. Brains 4 C resulted in about a 50-fold concentration of the virus. Loss of infectivity or HA was not observed during this procedure.
Release of intracellular virus (ICV). Infected cells were suspended in buffer solution, frozen and thawed three times, and sonic-treated for 3 min at 10 kc. The suspension was clarified at 7,000 X g for 20 min.
Inactivationi of rabies virus by heat and ultraviolet lighit. Purified and concentrated rabies virus preparations were inactivated by heating at 56 C or by ultraviolet irradiation in a petri dish with a Westinghouse lamp (giving a radiation of 7 X 103 ergs cm-2 sec-1) for 10 min at a distance of 22.5 cm. The depth of the fluid was 0.3 mm. The preparation was agitated twice during the exposure time.
Centrifugation in sucrose density gradients. Rate zonal centrifugations in sucrose density gradients were performed as described by Sokol et al. (39 cell suspension. Therefore, the following experiments were performed at pH 6.4 and 4 C, with 0.25% GE suspension.
Hemagglutination by different rabies virus strains and the lack of effect of the host cell species on the HA of the virus. Since Halonen et al. (12) used only one strain of virus in their study of rabies HA, it was of interest to determine whether other rabies virus strains possess the same HA. Five strains (Table 1 ) grown in BHK-21 cells and in brain tissue were concentrated 10 to 30 times by the first method described in Materials and Methods and were checked for their ability to agglutinate GE.
CVS, PM, HEP, Pasteur, and ERA strains grown in tissue culture agglutinated GE, giving similar PFU to HAU ratios, but the PM strain grown in mouse and hamster brain did not agglutinate GE (Table 1) .
Because the HEP Flury strain consistently yielded higher infectivity and hemagglutination titers in BHK-21 cells than in the other cell strains listed in Table 1 Table 3 had an effect on the agglutination of GE by rabies virus; therefore, the nature of the receptor(s) for rabies virus present in GE remains uncertain.
Relationship between infectivity and HA of rabies virus. To investigate whether a linear relationship exists over a wide concentration range between the infectivity and the HA of the virus, crude (concentrated by both methods) as well as highly purified virus was titrated by plaque assay and was assayed for HA. The infectivity was proportional to HA, provided that the infectivity of the virus sample was higher than or equal to 106 PFU/ml (Fig. 4 ).
Failure to demonstrate "soluble" hemagglutinin in infectious tissue culture fluid. The following experiment was carried out to elucidate whether HA is associated exclusively with the virions or whether the infected cells produce "soluble" hemagglutinins which sediment more slowly than the virions.
Clarified infectious tissue culture fluid was concentrated by the second method without prior centrifugation. A sample of the same virus material before dialysis was centrifuged at 45,000 X g for 70 min to sediment the bulk of the virus, and the supernatant fluid was concentrated 50-fold in the same way. The centrifuged sample contained about seven times less infectious virus than the sample concentrated directly by dialysis. Both samples were fractionated by rate zonal centrifugation in a 10 to 50%, (w/w) sucrose gradient, and the collected fractions were assayed for infectivity and HA. Only one peak of HA, coinciding with the peak of infectivity, was found in both gradients (Fig. 5) . Of interest is the observation that the PFU to HAU ratios of fractions 5 to 7 were about 106, whereas the same ratios of fractions 8 to 10 approached 105. Some lighter hemagglutinating material, which differs only slightly from infectious virus in sedimentation rate, may be present in both virus samples (39) .
Release of infectious and hemagglutinating virus from infected cells. The experiments described thus far were carried out with virus harvested at 72 to 96 hr after infection. The dynamics of the release of infectious virus and viral hemagglutinin into the tissue culture fluid was investigated to determine whether a "soluble" hemagglutinin is released into the fluid soon after infection and then is destroyed during prolonged incubation. Monolayer cultures of BHK-21 cells in milk dilution bottles (107 cells/bottle) were infected at an input multiplicity of 30 PFU/cell. Samples for assay of infectivity and assay of HA were collected at intervals after infection. The amount of virus released into the medium increased logarithmic- (Table 6) . As mentioned before, EDTA had neither an enhancing nor an inhibitory effect on the HA or infectivity of the virus. Proteolytic enzymes, such as trypsin and Pronase, completely destroyed HA and infectivity. HgCl2 (Fisher Scientific Co., Fairlawn, N. J.) and p-chloromercuribenzoate (pCMB; Calbiochem), compounds blocking the sulfhydryl groups, also destroyed HA and infectivity. Iodoacetic acid (Calbiochem), however, destroyed the infectivity but not the HA of the virus. All lipid solvents and emulsifiers tested (ether, chloroform, Freon 113, phospholipase C, Tween 80, DOC), as well as (-propiolactone (BPL), inactivated both HA and infectivity. KI04 (J. T. Baker Chemical Co.), 2-mercaptoethanol (Calbiochem), and dithioreitol (Calbiochem) did not affect the HA, but the first compound suppressed the infectivity of the virus. Irradiation by ultraviolet light selectively destroyed the infectivity without affecting hemagglutination, whereas heating at 56 C destroyed both HA and infectivity.
Rabies virus adsorption onto and elution from GE. When GE agglutinated at 4 C were transferred to 20 C, the hemagglutination pattern disappeared within 10 to 15 min, suggesting that at higher temperatures the virus is eluted from the red blood cells. The following experiments were performed to check this possibility.
Preparations of rabies virions concentrated by the first method were diluted with equal volumes of BAB buffer at 4 C. The diluted virus suspensions were then mixed with equal volumes of 10% GE suspension in phosphate buffer (pH 6.4). The mixtures were kept at 4 C for 1 hr and centrifuged at low speed; the infectivity, CF titers, and HA of the supernatant fluids were determined. The virus was then eluted in two cycles from the erythrocytes into phosphate buffer (pH 6.4) at 37 C for 30 min. About 90%O of virus was adsorbed to the erythrocytes and about 60% was recovered in the eluates (Table 7) . Adsorption or elution differences between purified and crude virus preparations were not observed.
To determine whether the virus can be quantitatively eluted at temperatures lower than 37 C, samples of a virus suspension were adsorbed with different amounts of erythrocytes. The conditions of adsorption were similar to those described in the previous experiment. Without separating the agglutinated erythrocytes, the virus was then eluted at 4, 22, and 37 C. The GE were removed by low-speed centrifugation, and the HA in the supernatant fluids was determined. A parallel control experiment was done to determine the proportion of the virus adsorbed to the erythrocytes (Fig. 7) . The virus was quantitatively eluted during prolonged incubation both at 4 and 22 C. The results also indicated that a relatively large number of erythrocytes are required for adsorption of all virus particles. The relationship between the erythrocyte concentration and the efficiency of adsorption of the virus and its elution is shown in Fig. 8 . In this experiment, the agglutinated erythrocytes were separated by low-speed centrifugation before elution of the virus. 
DISCUSSION
Rabies viruses agglutinate GE at 4 C and at a pH lower than 6.8. In this respect, they resemble arboviruses. All rabies virus strains tested agglutinated GE and had the same PFU to HAU ratio. To obtain positive hemagglutination, the level of virus must be sufficiently high (106 PFU/ml or higher) and the virus must be grown in tissue culture, rather than in brain tissue, in the absence of hemagglutination inhibitors.
All rabies virus strains tested exhibited HA, which is in contrast with poxviruses (6), echoviruses (7, 25) , type B Coxsackie viruses (34) , and adenoviruses (2), in which erythrocytes are agglutinated only by some strains within a serotype. The hemagglutinin is evidently coded by the viral genome rather than by the cellular genome, because the HA of the rabies virus is independent of the cell type in which the virus is propagated; thus, the cellular genome does not participate in the synthesis of rabies virus hemagglutinin, as is the case with vaccinia virus hemagglutinin (16) .
The HA of rabies virus is associated with the virion, and "soluble" hemagglutinin was not detected either in extracts of infected cells (39) or in infectious tissue culture fluid. In this respect, rabies virus seems to differ from poxviruses (28), measles virus (31), myxoviruses (11) , and reovirus (43) . The replication of these viruses is accompanied by the appearance of noninfectious viral hemagglutinin which sediments at a lower rate than the virion. "Soluble" hemagglutinin, which has been successfully released from myxoviruses (17, 20, 38) (18, 19) . It cannot be determined from available data whether ICV represents an infectious "precursor" of the mature, hemagglutinating virion. We reported previously (39) that some of the partially purified preparations of ICV (HEP Flury strain) had a PFU to HAU ratio comparable to that of ECV. Infected cells may contain variable amounts of virus particles which exhibit HA after they bud from the cell surface and are released into vacuoles (19) . Consequently, the PFU to HAU ratio of ICV preparations would be subject to variation. A comparative study of ICV and ECV was carried out with only one virus strain (HEP Flury). It may be that these differences are less pronounced with other virus strains.
The virus which adsorbed to GE at 0 C and at pH 6.4 could be eluted from the agglutinated erythrocytes over a wide temperature range, providing that sufficient time was allowed for elution. Because RDE had no effect on the receptors for rabies HA, it is possible that an enzyme other than neuraminidase may be instrumental in causing elution of the virus at low temperatures. Adsorption onto and elution from GE can thus be used for concentration and partial purification of ECV.
Rabies virus has tentatively been classified (27) as a myxovirus (subgroup II). The properties of its inner component (ribonucleoprotein) are similar to the properties of the inner component of this myxovirus subgroup (19; F. Sokol, unpublished data), but its capsid, in contrast to the capsid of myxoviruses, does not contain neuraminidase (10) and has no affinity for mucoproteins.
The hemagglutinating component of the virion is sensitive to heating at 56 C and to treatment with proteolytic enzymes, lipid solvents, BPL, and compounds blocking sulfhydryl groups, such as pCMB and HgCl2. Results obtained after treatment with KI04 (Table 6 ) may be explained by the fact that KI04 reacts primarily with polysaccharides by oxidation of glycol groups, which may lead to destruction of infectivity without affecting HA. Compounds capable of cleaving the -S=S-bonds, such as 2-mercaptoethanol and dithiothreitol, had no effect on HA and infectivity. These results indicate that, since the rabies hemagglutinin is probably a protein or lipoprotein, the SH-groups may play an important role in the attachment of rabies virus to the erythrocytes. The receptor of the rabies virus hemagglutinin does not seem to be either a protein or a polysaccharide. It may be a lipid or lipoprotein, as receptors of hemagglutinating enteroviruses were shown to be by Philipson and Bengtsson (32) . More detailed experiments are necessary, however, to elucidate the chemical nature of rabies virus receptors.
